Objective: To determine the radioprotective effects of Silymarin in adult male Sprague-Dawley rats irradiated with γ-rays. Methods: The present experimental study was performed in
Introduction
Prostate cancer is the second leading cancer and the fifth leading cause of death in men worldwide. In 2012, 1.1 million men were diagnosed with prostate cancer, of which 307,000 died (1) . This cancer is the most common among men in 84 countries, most of which are developed (1) . In addition, the incidence of prostate cancer is Page 4525 increasing in developing countries (2) . By means of prostate-specific antigen test, diagnosis of prostate cancer increased incredibly during the 80s and 90s (2) . Prostate cancer has been reported to be the cause of death in 30%-70% of men aged over 60 years who died because of unrelated causes (1) . The treatment of this cancer is typically performed in the light of different factors such as tumor growth rate, general health, as well as the benefits and side effects of the treatment. The current prostate cancer treatments are radiotherapy, hormonotherapy, chemotherapy, and cryotherapy (3) . Radiotherapy is the most important and common method to treat cancer. Mostly radiotherapy is applied through two procedures: external beam radiation therapy (teletherapy), and internal radiation therapy (brachytherapy) (4) . In prostate cancer, both of the methods can be prescribed depending on the general health conditions of the patient, planning, and the physician's opinion. Radiotherapy is aimed at removing tumor cells and preserving surrounding normal cells in the treatment field. However, some parts of organs or tissues might receive notable dosage, which is revealed as either acute or chronic side effects (5) . Using protecting medications or radioprotectors could reduce the side effects of radiotherapy. These medications in fact, reduce indirect effects of the radiation (6) . Radioprotectors decrease stable hydroxyl radicals in the exposed area, by absorbing reactive oxygen species (ROS) (6, 7) . Many studies have been performed to determine the effects of such compounds. Some of the studies have confirmed the protective effects of the compounds; while, others have reported unclear or no effects for them (7) . Milk thistle (Silybum marianum) was first discovered as a material with antitumor effects, and is being used to treat immune system dysfunctions and alcoholic liver diseases in clinics (8) . Milk thistle contains different antioxidants such as Silymarin, which is a potent cell protective agent that reduces oxidative stress and protects the cells against apoptosis. It contains six flavonolignans consisting of 40%-50% silibinin, responsible for most biological activities (8, 9) . Based on some studies, Silymarin has a radioprotective effect against the radiation induced hepatotoxicity in rats (10). Adhikari M. et al. showed that specific doses of 25μg/ml Silymarin can ameliorate the deleterious effects of γ-radiation on human embryonic kidney cells in-vitro (11) . Deep G. and Agarwal R. showed that Silymarin, with targeting signaling molecules, could adjust the process of epithelial mesenchymal transition, protease activation, adhesion, and prevention of metastasis (9). Mauduit C. et al. found that by 2-4 Gy of ionizing radiation to adult rats' testes, the apoptotic cells increased after 24 hours and reached to their maximum number after 48 hours (12) . Apoptotic cells were observed 72 hours after 2 Gy of radiation, and increased as the dosage increased from 1 Gy to 4 Gy. Growth factor in sensitive testis cells, drops after ionizing radiation (12). Mydlo JH. et al. examined the effects of brachytherapy and external beam radiation therapy on prostate cancer treatment, sperm quality, and fertility in young men. Radiotherapy reduces spermatogenesis by discharging Leydig cells and reduction of testosterone level. It also has direct effects on spermatogenesis with mitosis and abnormal cell division (13). Otala M. et al. used sphingosine-1-phosphate (S1P) to protect sperm against ionizing radiation to rat's testes. They injected S1P to rat's testes 1-2 hours before radiation. Their results showed that use of S1P (16%-47%) decreased germ cells' death and protected them (14) . Khan S. et al. used melatonin in order to protect mice testes against γ-irradiation induced damage. Their results showed that melatonin, as a physiological radioprotector, ameliorated the radiation induced damages of epididymal sperm abnormalities such as motility and viability (15). Koruji et al. examined the morphologic changes in adult rat's testes after radiating 14 Gy of γ-rays. Their results showed that radiation could cause temporary azoospermia potentially reversible after eight weeks (16) . Considering the role of radiotherapy in treating different tumors, its induced effects on normal tissues, and the importance of radioprotective substances to reduce the side effects of this method on the region surrounding the tumor, the purpose of this study was to evaluate and determine radioprotective effects of Silymarin on Johnson scoring, histomorphological parameters of seminiferous tubules and biological characteristics of Leydig cells in SpragueDawley male rats irradiated by the same fraction dose of γ-rays in prostate cancer radiotherapy.
Material and Methods

Animals and ethic
This experimental study was performed in Tehran University of Medical Sciences, Tehran, Iran from December 2009 to March 2010. Forty 9-week-old Sprague-Dawley male rats, weighing 250-300 ± 0.2g, were purchased from the Pasteur Institute (Tehran, Iran). Animals were allowed to have easy access to food and water and were exposed to control conditions of constant illumination (12:12 hours, light from 8 to 20), temperature (23±2°C) and humidity (55-65%); all animals were maintained in cages for one week prior to the start of experiments for acclimatization, and they were eligible to be part of the experiments when they had passed the two consecutive sex cycles. All procedures were carried out in accordance with the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences, and published by the National Institutes of Health (NIH publication 86-23 revised 1985), and also the guidelines of Tehran University of Medical Sciences (Tehran, Iran).
Gamma irradiation
Gamma irradiation was performed applying a Cobalt-60 source (Theratron 780C, Atomic Energy of Canada Limited, Kanata, ON, Canada). The characteristics of the source were: half-life: 5.27 years, dose rate: 0.5 Gymin-1, medium energy: 1.25 MeV. The source had a diameter of 20 mm. The SSD (source to skin distance) was 80 cm and the CID (collimator to isocenter distance) was 30 cm. Rats were placed in a ventilated Plexiglas cage and irradiated in groups of four, simultaneously, at room temperature of 23±2°C. The prostate region (pelvic area and reproductive system) of the rats was irradiated with a total dose of 2 Gy γ-rays.
Grouping and Silymarin administration
The rats were grouped in 4 groups of 10. The first group, the control group, were neither treated with Silymarin nor irradiated by γ-rays; but received intraperitoneal injection of 10 ml/kg normal saline. The second group were only irradiated with 2 Gy of γ-rays. The third group was initially treated with 100 mg/kg of Silymarin (Sigma-Aldrich, S0292-50G, Italy) and then they were irradiated with 2 Gy of γ-rays 24 hours. later. Similarly, the fourth group was initially treated with 200 mg/kg of Silymarin and then they were irradiated with 2 Gy of γ-rays 24 hours later. The solution of Silymarin was administered directly into the stomach of the rats via oral gavage 24 hours before the γ-irradiation.
Histology
At completion of the experiments, the rats were deeply anesthetized with chloroform and their testes were removed from abdominal cavity. The testes were fixed with 10% formaldehyde for 72 hrs. For light microscopy, the sections were dehydrated by a successive series of ethanol cleared by xylene and impregnated by melted paraffin. Then, the samples were embedded in paraffin wax. Tissues were sectioned at 5µm and stained with hematoxylin and eosin (H&E) to observe the structure. Then, the slides were examined at 400x magnification.
Leydig cell apoptosis assay by TUNEL
To detect apoptotic cells, TUNEL staining was performed using an apoptosis kit (Roche, Germany) by TUNEL staining according to the manufacturer's instruction. The samples, in paraffin block, were cut into 5 µm sections by a rotary microtome, and then placed on glass slides. The sections were deparaffinized in xylene and placed in a 700-w microwave for 10 minutes. Then, the sections were incubated with 3% H2O2 in PBS for 10 minutes in the dark. Next, the sections were incubated in the TUNEL reaction mixture that contained terminal deoxynucleotidyl transferase and fluorescein-dUTP for 60 minutes at 37ºC in a humidified atmosphere. Then, the samples were rinsed with PBS three times, the sections were visualized by a converter-POD (Roche Applied Science, Mannheim, Germany) for 30 minutes at 37ºC in a humidified atmosphere in the dark, and then rinsed with PBS, followed by the addition of 50-100 µl diaminobenzidine (DAB, Cat No: D8001, Sigma-Aldrich) substrate and an additional PBS rinse. The slides were examined by a pathologist in a blinded manner. Only circular tubular cross-sections cut in boldface were studied. The quantitative evaluation of apoptotic index was performed by the manual counting of the mean number of TUNEL-positive cells per interstitial space per group (four sections per rat and 25 interstitial spaces per section). The apoptotic cells in the 100 tubules were recorded using light microscopy at 400x magnification.
Quantitative assessment of seminiferous tubules and Johnson scoring
An ocular grid was used to measure the parameters of the seminiferous tubules. Twenty tubular circular or nearly circular profiles were randomly selected from each animal. Then, two perpendicular diameters of each cross-section of the seminiferous tubules were measured and the mean value was calculated at 400x magnification. In addition, the diameters of each lumen of the somniferous tubules and epithelium height were measured. In this study the spermatogenesis of control and SCI groups were evaluated according to Johnson Score (Table 1) .
Calculating the volume of Leydig cells and germ cell count
Using a linear grid and light microscope (Olympus BX51, Germany) at 1000x magnification, the volumes of the nuclei of the Leydig cells were calculated. Thus, per each animal, 20 cells were studied. The number of spermatogonia, primary spermatocytes, round spermatids, and spermatozoa were counted. The location and morphology of the cells within the seminiferous tubules were used to identify them. Each parameter was estimated by the examination of 20 histological sections of each seminiferous tubule.
Statistical analysis
The ANOVA test was applied to compare the averages of the values within each group of Silymarin or γ-irradiation. Additionally, Tukey's post hoc test was used to compare the four groups. The p-values are two-sided at a significance level of ≤ 0.05. SPSS software (Version 19, SPSS Inc., Chicago, Illinois, USA) was used for the statistical analysis. 
Results
Details of different sperm parameters evaluated in this study are summarized in Tables 2 and 3 . Moreover, status of spermatogenesis, histological characteristics of testis, and immunohistochemistry of seminiferous tubules are illustrated in Figures 1 and 2 . 
Histology
The optical photomicrographs of the cross-sections for the control group indicated the integrity of the tubules and interstitial tissue. The seminiferous tubules were observed completely and clearly. All sperm cell lines were seen and the basal membrane of the seminiferous tubules as well as the spermatogonia lines on it could be observed. The Leydig cells in the interstitial tissue were observed with acidophilic cytoplasm. Furthermore, according to Johnson scoring and histological illustration spermatogenesis was visible (96.7%). Microscopic images showed some unusual spaces and dilations associated with lymphocytes and plasma in group 2, which indicated inflammation in the interstitial tissue. Moreover, in this group, vacuoles were abundantly visible in the interstitial tissue and spermatogonia; while a significant reduction was found for the primary spermatocytes (Figure 1-A) . The seminiferous tubules were degenerated, and a decreasing was seen in the diameter of the seminiferous tubules. The seminiferous tubules were disordered and the basement membrane was folded. Epithelium was atrophic, and severe vacuolization could be observed with spermatogonia cells on the basement membrane; however, spermatogenesis could not be observed in all sections. Primary spermatocytes arrested in pachytene stage. More than one third of the spermatogenesis (38.6%) could be seen. The Leydig cells in the interstitial tissue had pyknotic nuclei, and were widely distributed. Furthermore, destructive cells with certain features, such as declined cytoplasmic acidophilus and increased nuclear staining, were considerable (Figure 1-B) . Microscopic image evaluation of the slices of the 3 rd group illustrated that although rate of spermatogenesis was improved (59.2%); we found a slight reduction in the edema and inflammation of the tissue, as well as mild regenerative effects in the seminiferous tubules. The Leydig cells in the interstitial tissue increased partly with normal appearance, and their cytoplasm was almost acidophilic, which indicates a slight return of necrotic effects at the cellular level. More than half of the sperm cells were seen; however, a reduction in the tubular diameter and thickness, a disruption in germinal epithelium, and an increase in the interstitial space could still be seen (Figure 1-C) . In group 4, microscopic images demonstrated that the seminiferous tubules could be clearly seen with all sperm cell lines. The basal membrane of the seminiferous tubules could be seen with spermatogonia lines. The Leydig cells observed in the interstitial tissue, had a completely acidophilic cytoplasm. Spermatogenesis was improved (78.3%) and the cells had a distinguishable order. Some minor effects of vacuolization were seen; although, edema was still visible in the interstitial tissue (Figure 1-D) .
Quantitative assessment of seminiferous tubules and Johnson scoring
The average values of different histological parameters of seminiferous tubules are presented in table 2. As Table 2 shows Table 2 ). The average values of different histomorphological parameters of seminiferous tubules and the biological characteristics of Leydig cells are shown in Table 3. As Table 3 demonstrates, tube diameter was significantly decreased in the 2 nd group when we compared it with the control group (p=0.0078). Comparing the 3 rd group with the 2 nd group a non-significant increase was found for the tube diameter; however, a significant increase was seen when we compared the 4 th group with the 2 nd group (p=0.0094). Regarding the tube diameter, a significant difference was seen between the 4 th and the 3 rd groups (p=0.016). Similar results were observed for other parameters of seminiferous tubules, i.e. lumen diameter, primary spermatocyte, and thickness of the epithelium. Additionally, similar results were found for nuclear diameter and nuclear volume of the Leydig cells. Furthermore, similar results were seen for the height of the seminiferous epithelium (Table 3) .
Leydig cell apoptosis assay by TUNEL
Immunohistochemistry illustrations show the average of the apoptotic cells which turned brown in group 2 was significantly higher than those of the control group (8.24±0.53) vs. 1.03±0.65); respectively (p=0.012). Also, quantitative analysis of TUNEL assay showed apoptotic index in spermatocyte I cells were significantly increasing in group II. The frequency of apoptotic cells per 100 tubules in groups 3 and 4 was 5.17±1.92 and 3.96±1.04, respectively; which represented a significant decrease in the number of damaged cells in group 4 compared to group 2 (p=0.023). This also showed that animals which received 200 mg/kg of Silymarin had some improvements in support reproductive cells and their testes (Figure 2 ).
Discussion
The results of the present study demonstrated that irradiation of 2 Gy γ-rays to the testis of the Sprague-Dawley rat, significantly reduced different histological parameters of seminiferous tubules (i.e. frequency of spermatogonia, primary spermatocyte, round spermatid, spermatozoa. Furthermore, our results showed that γ-irradiation could destruct and induce roughly stable damages of different histomorphological parameters of seminiferous tubules and the biological characteristics of Leydig cells. However, the mentioned parameters were modulated and or significantly improved when we administered 100 mg/kg (and or 200 mg/kg) of Silymarin to the Sprague-Dawley rat, 24 hours before 2 Gy γ-irradiation. Apoptosis is an event that occurs in association with extracellular molecules as well as intracellular messages, and protects the cells against spontaneous cell suicide. This process occurs in response to cytotoxic agents through spermatogenesis, making a balance between healthy and dead germ cells (17) . Apoptosis in testis tissue usually occurs in A2, A3 and A4 stages of spermatogonia; however, apoptosis rarely occurs in the spermatocytes of the stages 1 and 2 as well as spermatids; unless specific environmental and chemical factors induce this process (18) . Testis tissue is highly active with poor cell renewal system and antioxidant defense, which can be an easy target for the induction of radiation through the production of the free radicals that cause indirect and reversible damages (19) . Oxidative stress in the testes can disrupt the estrogen capacity of the Leydig cells. The capacity of germinal cells (germ) is different from normal spermatozoa, leading to impaired spermatogenesis and infertility through the oxidation of proteins, lipids, and germ cells' DNA (20) . DNA bases are sensitive to oxidative stress, and the peroxidation of structures can cause basal modifications, DNA chain breaks, and the exchange of chromatin components. Free radicals produced by ionizing radiation, are the cause of diseases and cell damage, especially widespread infections (21) . Radiation-induced DNA damages are a very important cause of deleterious effects on reproductive cells which may accelerate the process of chromosomal aberrations, gene mutations, apoptosis of germ cells, and sustainable development of testes atrophy; which ultimately leads to longterm azoospermia and infertility (15, 19) . Radiation not only interferes with the cellular antioxidant defense system, it also contributes to alteration of mitochondrial electron transport chain which is one of its main cellular targets, and destroys cell divisions in the germ cells, and ultimately causes pyknosis and karyolysis (19, 21, 22) . Radiation also increases germ cell death in testes by activating caspase 3, which are the main mediators of apoptotic pathway (or play essential roles in apoptosis), and thereby reduces the thickness of germinal cell epithelium and the atrophy of the testes tissue (14, 22) . Silymarin has certain anti-inflammatory effects causing reduction in the inflammation and edema in the testes tissues of groups 3 and 4. This substance probably inhibits the migration of leukocytes and increases neutrophil infiltration in the area of inflammation, which plays a key role in the anti-inflammatory action (23) . Silymarin also stabilizes the membrane structures, and inhibits the release of inflammatory mediators such as cyclooxygenase and lipoxygenase. Silymarin decreases the expression of the growth factor TGF-β1, prevents the activation of NF-ƙB and cell proliferation-related kinases such as TNF-α, and decreases cytotoxicity to avoid apoptosis (11, 24) . Due to having antioxidant property, Silymarin is able to scavenge free radical and ROS. It prevents the progression of cell damage and apoptosis by inhibiting lipid peroxidation (24) . The results obtained in the present study, demonstrated certain changes in spermatogonia, spermatocytes, spermatid, and the number of spermatozoa 24 hours after γ-irradiation. This study also showed direct effects of γ-radiation, a sharp decline in all the categories of Johnson's scoring, number of spermatogonia, spermatocytes, spermatid cycle, and spermatozoa, which confirms the results obtained by Mauduit C. et al & Koruji M. et al. (12, 16) . Similarly, Chuai Y. et al reported that the highest reduction (72.9%) in the number of spermatogonia occurred after one-week irradiation with 2 Gy (25), while the corresponding reductions in our study were derived as 61.4%, 40.8%, and 21.7% in the groups of γ-irradiation alone (II), Silymarin (100 mg/kg) (III), and (200 mg/kg) (IV), respectively. They concluded that their results represent radioprotective property of Silymarin. Additionally, due to nontoxicity and noninvasive effects of Silymarin, its concentration can increase its radioprotective effects in external radiation treatment (26) . In this study, the optimal concentration of Silymarin to protect germ cells against ionizing radiation was not investigated; however, we suggest performing it in the future. The results obtained in our study for these parameters in groups 3 and 4 confirm the radioprotective effect of Silymarin on the germ cells. Antioxidant molecules such as Silymarin can modulate the oxidative status of cell environment via increase in cell glutathione, and prevents lipid peroxidation, resulting in improvement of the antioxidant defense system (24) . Silymarin has been able to decrease the development of neurons in cerebral ischemia as well as improvement of functional recovery, as the results show that the neuroprotective potential of Silymarin is due to its antioxidant and antiapoptotic properties (27) . As recommendations, the germ cell and sperm production in the mammalian testis depends on normal Leydig cell function and its biochemical interactions with germ cells which is a pivotal mechanism in spermatogenesis process. Epithelium of seminiferous tubules in mammals is a very complex but well-organized cell population that is made up of germ cells with different levels of sensitivity to radiation. Leydig cells and Sertoli cells, although closely related to germ cells, have been reported to be relatively sensitive to radiation. Radiation via ROS production is capable of disrupting the steroidogenic capacity of Leydig cells, and also decrease in sperm count, thus resulting in germ cell apoptosis, disruption of spermatogenesis and fertility capacitation. Silymarin target mitochondrial ROS, and scavenge the free radicals during the radiation exposure as part of a strategy to mitigate cellular stress and apoptosis. In conclusion, biological protection of male fertility against radiation hazard, is a major concern about any other harmful effects of radiation that may be transmitted from one generation to another. Understanding the radiation sensitivity of germ cells, and strengthening them, paves the way for the development of radiation moderators as well as radioprotective agents that can be effectively used for high-sensitivity protection of germ cells against the harmful effects of ionizing radiation. In this study, there were limitations which prolonged the time of the study or stopped some of the stages including 1) lack of access to testing kits TUNEL and late arrival to the site of the project 2) lack of advanced machines for precise image analysis and lack of software for cell counts or cell morphometry 3) the unavailability of irradiation devices for small animals and preclinical equipment for exactness and similarity of radiation similar to human radiation devices.
Conclusions
In this study, we investigated the radioprotective effect of Silymarin on the histological and histomorphological parameters of seminiferous tubules as well as the biological characteristics of Leydig cells of adult male SpragueDawley rats irradiated with 2 Gy γ-rays. Our results showed that Silymarin can improve the histological and histomorphological parameters of seminiferous tubules such as frequency of spermatogonia, primary spermatocyte, round spermatid, spermatozoa, tube diameter, lumen diameter, thickness of epithelium, Leydig cell nuclear diameter, Leydig cell nuclear volume, and height of seminiferous epithelium, as well as apoptotic cells. Therefore, one can conclude that Silymarin could act as a potent radioprotector and it can be used adjacent to radiation therapy to prevent male reproductive function, specifically seminiferous tubules in an animal model; however, its molecular mechanism is still not clear, and needs more molecular researches.
